techniques for water content (0) and solute concentration measurement lack the spatial and temporal resolution needed for detailed studies. During recent years, the time domain reflectometry (TDR) technique has been proven an efficient tool to make reliable 0 and bulk electrical conductivity (0,) measurements (Topp et al. 1980; Dalton et al. 1984) . The fact that TDR can measure both 0 and o, in the same soil volume over a very short time makes the method appealing for solute transport measurements.
Several recent studies have shown the usefulness of TDR data. Nissen et al. (1995) determined the parameters of the radial diffusion model using TDR and the direct calibration method. Noborio et al. (1996) used TDR measurements for calibration of a two-dimensional finite element method model. Vanderborght et al. (1996) showed how time series of resident concentrations measured with TDR could be used to determine parameters of the convective log-normal transfer function (CLT) model. The approach has been successfully used in subsequent studies of solute transport (~anderborght et al. 1997; Persson and Bemdtsson 1998a) .
When using TDR for 8 and solute concentration measurements it is important to be aware of the shortcomings and precision of the TDR system in order to interpret the data correctly. This is especially true when TDR is used under transient conditions because errors both in the 0 and o, measurements leads to errors in the estimation of solute concentration. The TDR is an accurate instrument for 0 and o, measurements. However, the accuracy and precision are dependent on several factors such as: cable length; soil texture; electrical conductivity; bulk soil density; clay and organic matter content; and temperature (Topp et al. 1980; Jacobsen and Schjgnning 1995; Heimovaara 1993; Heimovaara et al. 1995; Hook and Livingston 1996; Persson 1999) . It is important to be aware of these measurement problems, especially when considering field measurements as the above mentioned parameters are likely to vary spatially (e.g. Rajkai and RydCn 1990) .
The o, can be related to solute concentration. Two major types of calibration approaches have been developed, direct and indirect calibration. In indirect calibration, the calibration is made simultaneously with the solute transport experiment, while direct calibration is made in a separate calibration experiment (Ward et al. 1994 ). Due to the fact that the relationship between o, and soil solution electrical conductivity (ow) is dependent on 0, most studies have been made under steady state conditions with constant 0 using the indirect calibration (Kachanoski et al. 1992; Vanclooster et al. 1993) . Two types of indirect calibration have been used. In the first, the soil is leached with a salt solution with constant ow at a constant flux. After some time all water in the soil has been replaced with salt solution and the reference electrical conductivity can be determined (Mallants et al. 1996b) . Since the relationship between o, and solute concentration is linear at constant 0, the o, measured with the TDR can be related to solute concentration. This relationship can also be determined using a second method, the convolution method (Ward et al. 1994; Mallants et al. 1996b) . In this method, a solute pulse is applied to the soil surface and by assuming perfect mass recovery, the peak concentration can be calculated. These two methods will be referred to as the step input and the pulse input methods.
Steady state conditions are, however, not likely to persist for prolonged periods in nature. If TDR is to replace traditional measuring techniques, methods must be developed for transient conditions with variable 0. If the step input or the pulse input method is used, several leaching experiments with different water fluxes have to be made to relate the TDR measurements to solute concentration over a range of 0 (Ward et al. 1994 ). This approach is highly time consuming. The most commonly used direct calibration method is to mix known amount of soil and salt solution of known ow. However, this method has shown to give poor results in some studies (Mallants et al. 1996b; Persson and Berndtsson 1998a) . Other direct calibration methods using non-disturbed soil have also been used giving more accurate data (Persson and Bemdtsson 1998a) . Clearly, there is a need for studies where different calibration methods are compared in different soil types.
The purpose of the present study is to test the performance of three previously published direct calibration methods in three various soil types. The influence of soil structure and soil type on the calibration result is evaluated and general guidelines regarding the choice of the three calibration methods are presented.
Theory Water Content Measurements
In 1980, Topp and co-workers introduced TDR for the measurement of soil moisture (Topp et al. 1980) . They based their method on the work of Fellner-Feldegg (1969) who used TDR for measuring the dielectric constant. Topp et al. (1980) introduced the apparent dielectric constant Ka, which they related to 0 using an empirical thirdorder polynomial equation. They found that this relationship was almost independent of soil density, texture, salt content, and temperature. In addition to the empirical relationship by Topp et al. (1980) , various types of dielectric mixing models have been used. In these models, the wet soil is described as a multiple phase system. Typically three phases are used, solid, gaseous, and free water. The Ka of bound water.is close to the Ka of the soil particles, implying that bound water is invisible to TDR measurements. This means that 0 is underestimated in clayey and organic soils. A detailed description of 0-Ka models can be found in Jacobsen and Schjanning (1995) . Dalton et al. (1984) were the first to show how the attenuation of the TDR trace can be used to calculate the 0,. Following the thin sample approach by Giese and Tiemann (1975) , o, can be described by (Giese and Tiemann 1975; Topp et al. 1988; Nadler et al. 199 1) Downloaded from https://iwaponline.com/hr/article-pdf/32/2/99/4192/99.pdf where ZL is the impedance load of the transmission line (in Q) measured after a long time, fT is a temperature correction coefficient, and Kp is the cell constant of the TDR probe, a calibration constant that can be determined by immersing the probe in solutions with known conductivity. The temperature correction coefficient of a standard 0.01 M KC1 solution can be described by where T is the temperature ("C) at which the electrical conductivity measurement was made.
Electrical Conductivity Measurements

Calibration Approaches
The o, of the soil depends mainly on three variables, i) water content, ii) the electrical conductivity of the soil solution, and iii) a geometry factor, accounting for the complex geometry of the soil matrix (Mualem and Friedman 1991) . The 0, is also affected by the surface conductivity of the soil matrix o,. The 0,-0,-0 relationship has been studied by several researchers, but there seems to be no unifying approach fitting a wide rage of soil types. Due to this, many experiments have been made under steady state conditions with constant 0 using indirect calibration. The o , is assumed to be linearly related to o, at constant 0 for a range between 0.1 and 2 S m-1 (Rhoades et al. 1989) . The ow has also been shown to be linearly related to resident solute concentration, Cr for a similar range (Marion and Babcock 1976) . Thus, the relationship between o, and Cr is approximately linear for this electrical conductivity range (Kachanoski et al. 1992; Vanclooster et al. 1993; Ward et al. 1994) .
Indirect calibration does not require a separate experiment, the calibration is made simultaneously with the solute transport experiment. In the step input method, the soil is leached with water with a constant ow at a constant water flux. When steady state conditions (i.e. a0lat = 0) is reached, the initial bulk electrical conductivity oi is measured at each probe location. The solute free water is then replaced with a salt solution with known electrical conductivity (op). When o, at each depth again reaches a constant value o r e . it is assumed that all pore water in the soil is replaced by the salt solution and Cr can be determined by
where C is a calibration constant. If C is set to 1 .O, Eq. (3) yields relative concentrations, Crel. One drawback of this method is that at deep depths in structured soils exhibiting nonequilibrum transport, oref will not be reached until after a very long time. This means that large amounts of tracer solution are needed. Using the convoDownloaded from https://iwaponline.com/hr/article-pdf/32/2/99/4192/99.pdf lution or pulse input method (Ward et al. 1994; Mallants et al. 1996b) , only a small amount of tracer solution is needed, but the experiment will take equally long time. In this method, the solute is applied in a pulse of finite length and by assuming that the amount of solutes passing each TDR probe equals the amount applied. In soils exhibiting preferential flow, this assumption may not be valid (Mallants et al. 1996a; Persson and Berndtsson 2001) .
Another way of calibrating TDR is to relate the 8 and o, to the o, in a separate experiment (direct calibration) (e.g. Dalton et al. 1984; Heimovaara et al. 1995) . When the 0,-0,-8 relationship has been determined, measurements can be made under transient conditions with varying 8. For unsaturated soils the simplified conductivity model of Rhoades et al. (1976) is often used and is given as where Tc (8) is the transmission coefficient accounting for the tortuosity of the current flow. Rhoades et al. (1976) proposed a linear relationship between Tc(0) and 8, i.e. Tc(8) = a 8 + b, where a and b are soil specific parameters. Rhoades et al. (1989) re-interpreted Tc(8) as simply the fraction of the total soil water that is mobile. They also concluded that Eq. (4) was valid for o, above approximately 1 dS m-1. Risler et al. (1996) found that a constant (i.e. independent of 8) transmission coefficient in Eq. (4) was adequate to model the 0,-0,-8 relationship using their data at low o, (2-4 dS m-1). Persson and Berndtsson (1998a) used a linear transmission coefficient with good agreement for o, less than 1 dS m-1. Rhoades et al. (1989) also introduced the two-pathway model, of which Eq. (4) is a simplified version. Mualem and Friedman (199 1) had a slightly different approach using the tortuosity factor Fg(8) instead of the transmission coefficient to account for the complex geometry of the soil matrix. They proposed that Fg should be equal to the ratio of the hydraulic conductivity of the soil to that of a bundle of straight capillaries. Other 0,-0,-8 relationships have also been developed (see, e.g. Persson 1997 ).
In solute transport experiments, the o, estimated from the TDR readings can be converted to relative electrical conductivity o,l((o, -oi)/(op -oi), where oi is the initial electrical conductivity and op is the electrical conductivity of the applied pulse). This quantity corresponds to relative resident concentration since the electrical conductivity is linearly related to solute concentration (Marion and Babcock 1976) .
Determination of the ~,-0,-8
Relationship using Direct Calibration
The parameters of the 0,-0,-8 relationship (e.g. Eq. (4)) can be determined in a separate calibration experiment (direct calibration). In such a calibration experiment, several measurements at different combinations of ow, o,, and 8 are taken. Then, the best fit parameters of the 0,-0,-8 relationship can be determined. In the present study, three different direct calibration methods are used called method 1, 2, and 3, respectively (Persson and Berndtsson 1998a (Parker and van Genuchten 1984b) , using solution samplers can only give good results if the mobile and immobile soil solutions are in diffusional equilibrium (Heimovaara et al. 1995) . It is also important that the reference technique measures o, in the same volume of soil since heterogeneity of solute flow can cause the concentration in the soil solution to vary between measurements at the same depth (Vanderborght et al. 1996) . 3. By leaching sufficient pore volumes of water with a constant electrical conductivity, all pore water in the soil can be considered to have been replaced by the inflowing water (i.e. aClat = 0). TDR measurements of o, and 8 made simultaneously during several wetting and drying cycles are then related to the electrical conductivity of the inflowing water. Note that method 3 is a dynamic version of the step input method.
Method 2 has given relatively good results in column experiments using repacked sand (Persson 1997 ) and undisturbed sandy soil (Vanclooster et al. 1995) . However, method 3 is more suitable for heterogeneous soils and field measurements (Risler et al. 1996; Persson 1999) . The major advantage of method 3 is that, as in the step and pulse input methods, each probe is calibrated at its specific location. In this paper, this will be referred to as an in situ calibration, the TDR probes have the same location for both the calibration and the solute transport experiment and each probe can be calibrated separately. This minimizes errors due to differences in soil properties between probe locations. In sandy soils, the parameters of several 0,-0,-8 models are consistent when using different ow for the calibration, so only one calibration is needed (Persson 1997 ).
Materials and Methods
TDR System
All TDR measurements in this study were made with a Tektronix 1502C metallic TDR cable tester (Beaverton, OR, USA). The cable tester was built into a system designed by Campbell Scientific Ltd., Shepshed, UK. The system consisted of a CRlO data-logger with a TDR PROM controlling the cable tester via a communication interface. Three-rod TDR probes were used. In the laboratory studies the probes used were 0.2 m long with a diameter of 0.003 m and had a wire spacing of 0.05 m (Soilmoisture Equipment Corp., Santa Barbara, CA, USA). In the field study, 0.3 m probes with a wire spacing of 0.045 m and a diameter of 0.004 m were used (Campbell Scientific Ltd., Shepshed, UK). All temperature measurements were made with type K thermocouples (Pentronic AB, Gunnebobruk, Sweden) connected to the data-logger. Reference electrical conductivity measurements were made with a digital conductivity meter (Shott-Gerate, Germany). Bromide concentration measurements were made with a bromide selectrode (Radiometer, Copenhagen, Denmark). The TDR probes were calibrated for 8 measurements as described by Heimovaara (1993) . Furthermore, the probes were immersed in salt solutions with different electrical conductivities to establish the relationship between the TDR measured impedance and o, according to Heimovaara et al. (1995) .
Determination of the 0, -0, -8 Parameters
The first experiments were made in a column (0.3 m in diam. 1 m long) of repacked sand with a particle size of 0.3-0.5 mm. Five TDR probes were inserted at different depth. Close to each TDR probe a suction sampler was placed. More details are presented in Persson (1997) . The sand column was eluted with water of different ow at different fluxes in order to achieve a large span in o,, ow, and 8. Both calibration methods 2 and 3 were performed in the column. A small column (0.08 m in diam. and 0.2 m long) was used for calibration method 1. An undisturbed soil column (0.3 m in diam. 0.65 m long) was collected at Loddekopinge, Sweden. The soil in this region is a loamy sand. The column was instrumented with nine TDR probes. A direct calibration was made using method 3. A small column (0.08 m in diam. and 0.2 m long) was used for calibration method 1 using disturbed soil collected from the Ap horizon at the field site. Further information about soil sampling and calibration is given in Persson and Berndtsson (1998a) .
A field experiment was carried out at the same location as the undisturbed soil column was collected. A trench was dug to 1 m depth, 64 probes were inserted horizontally into the trench wall. Sixty probes were put at 0.2 m horizontal distance at depths of 0.05,0.1,0.2,0.3,0.4, and 0.5 m (10 probes at each depth) and two probes each at the 0.7 and 0.9 m depths. The site was also equipped with 8 solution samplers and four tensiometers. The solution samplers were placed in two vertical rows between the TDR probe rows. Thus, each solution sampler was placed at 0.1 m horizontal distance from two TDR probes. The field experiment has been described in Persson and Berndtsson (2001) . A direct calibration was made using method 3, the obtained parameters of Eq. (4) were used for ow calculations in two subsequent solute transport experiments. TDR estimations of ow were also compared to ow measurements in water collected by the solution samplers during the solute transport experiments.
Quasi steady state solute transport experiments were also conducted in three columns (0.23 m in diam. and 0.30 m high) of undisturbed soil collected in the M'Richet el Anze catchment in Tunisia. These samples were collected within the HYDROMED study (Nasri and Albergel 1997) . The soil in this region can be described as Vertic Xerotent and has a clay content of 40-60%, further soil properties have been presented in Palmquist and Tullberg (1997) . Each soil column was placed over a sand column of 0.7 m height in order to establish unsaturated conditions at the bottom of the soil column. The columns were equipped with TDR probes at two different depths in two of the columns and four in one column. One TDR probe was also placed in each sand layer beneath the columns. The outflow was collected and electrical conductivity and bromide concentrations were measured. Further information can be found in Persson (1999) .
First, a direct calibration using method 3 was performed in the clay columns. Both tap water and bromide solutions were used when performing the calibrations. In the clay columns an indirect calibration was also performed using the step input method simultaneously with a steady-state solute transport experiment. First, the columns were leached with tap water with known ow at a constant flux until the TDR readings reached a constant value. Then, a step pulse of KBr solution containing 3 g Br-1-1 was added to the columns. The KBr solution was added at the same flux as the tap water until the ow of the outflow reached a constant level. Then, oref could be determined and C, was calculated using Eq. (3).
Results
Determination of the 0,-0,-8 Parameters In the disturbed sand column there were only small differences in the calibration parameters for the three different methods (Fig. l) . The parameters of Eq. (4) derived using methods 1-3 were not significantly different (at the 0.01 level using Student's t-test). All coefficient of determination (4) values were high, around 0.97, however, the scatter in the data was slightly higher for methods 1 and 2. There were only small differences in parameter values for different depths in the large column, these differences were probably due to variations in bulk density.
The loamy sand soil exhibited a large variation between methods 1 and 3 (Fig. 2) . Even though the soil in the small cylinder (method 1) was taken from exactly the same location as the undisturbed soil column, the 0,-0,-8 relationship was significantly different. The reason for this deviation is not clear, some explanations could be errors in the 0 measurements due to insufficient contact between the soil and the TDR probe in the large column, or that soil structure was different for the disturbed and undisturbed soil. The electrical conductivity in the undisturbed soil was significantly higher compared to the repacked soil indicating that some major current flow paths has been destroyed when re-packing the soil. Due to the strongly linear rela- tionships encountered in the undisturbed soil, a constant Tc(8) (i.e. independent of 8) was used. However, if the range in 8 had been larger, the seemingly linear relationship might be non-linear. The calibration parameters also varied with depth in the undisturbed soil column due to differences in soil texture and bulk density. Three distinct layers with different 0,-0,-8 relationship, coinciding with the master horizons, could be identified. In the field experiment, the 0,-0,-8 data obtained using method 3 was not very different from those encountered in the undisturbed soil column. Even though the span in 8 was larger (0.13 to 0.55 m3 m-3), the 0,-0,-8 relationship was linear for nearly all probes, a few probes showed a slight non-linear 0,-0,-8 relationship. Thus, a constant Tc(8) was used. The parameters of Eq. (4) were similar for the undisturbed soil column and the field site, however, the transmission coefficients were slightly lower for the field data. Negative values of o, have no physical meaning but are sometimes encountered in sandy soils. A large horizontal variation was found within the field site. As an example, the data from the 0.05 m depth (10 probe locations) is shown in Fig. 3 . For clarity, only the regression lines are shown in the figure. This clearly shows the need for in situ calibration. The o, measured in water collected from the solution samplers was in the range of 0.6 to 1.1 dS m-1. All values deviated less then 5% from the TDR measured ow of the probe closest to the suction sampler. This comparison indicates that method 2 would probably also give comparable results, at least for the probes close to the suction samplers. Both in the sand and loamy sand the 8-Ka relationship was determined using the small soil columns simultaneously with the 0,-0,-8 calibration using method 1. The relationship suggested by Topp et al. (1980) fitted the data very well and only a slight improvement was found when a soil specific calibration was made.
In the clay soils studied, 8 measurements were only possible when oa was < 1.8 dS m-1. Furthermore, as the oa increased, the 8 measurements were overestimated. In the worst case, 8 was overestimated by 0.08 m3 m-3 when oa increased from 0.7 to 1.6 dS m-1. Thus the change in o due to oa was of the same order of magnitude as the difference in 8 between saturation and drained state for the experimental set-up. This clearly shows that for these soils, establishing a 0,-0,-0 relationship would be impossible since each pair of measured oa and a is not uniquely related to one ow.
One example of the relative bromide concentration during one solute transport experiment in the clay column is presented in Fig. 4 . In the clay soil, it was observed that the o, measured in the outflow was higher than in the inflow when tap water was leached with a constant flow rate through the column. When the bromide solution was used, o, was lower than in the inflow. This difference was not detected when studying the bromide concentration in the outflow, i.e. the bromide concentration of the tap water and the pulse was the same in the inflow and outflow. Thus, chemical reactions changed the linear relationship between bromide concentration and ow However, when calculating om/ using the actual oi and o,, measured in the outflow, the breakthrough curves based on outflow orel and bromide concentration were similar. The parameters of the CDE model derived using outflow orel and Brmeasurements were not significantly different (at the 0.05 level).
Discussion
When designing solute transport experiments using TDR, the soil type has to be considered when determining which calibration method to be used. In homogeneous sand there were only small differences between the three different direct calibration methods. All methods seem to perform equally well and it will depend on the experimental setup which calibration method is most appropriate. In the disturbed sand column used in this study, a single calibration curve could be used for all depths.
In the loamy sand, calibrations using disturbed and undisturbed soil were significantly different. Thus, soil structure has a significant influence on the current flow paths through the soil. The observations were made in loamy sand, but will likely be of importance in most structured soils. In situ calibration (using indirect calibration or direct calibration method 2 or 3) is the only approach that might provide a good estimate of the 0,-0,-0 relationship and the data in Fig. 2 show that a calibration at the individual probes is required.
A likely explanation for the success of method 2 in the disturbed sand is that the water collected by the solution samplers represents resident concentration. This has previously been shown to be the case in sandy soils (Vanclooster et al. 1995) . In other soil types, care should be t&en when using method 2. Mallants et al. (1996b) compared the step and pulse input with method 1 using disturbed soil. In their experiment, method 1 gave poor results. The reason for this could be the differences in soil structure and in physico-chemical properties including clay content between the soil in which the calibration was made and the soil where the solute transport experiments was made. This study indicates that in structured soils, each probe must be calibrated in situ in order to get accurate data.
Care should be taken when TDR is used for solute concentration measurements in clayey and saline soils. Since the 0 measurements in clayey soils are less accurate both due to signal attenuation and temperature dependence, the o, calculated from, e.g. Eq. (4) is, consequently, also less accurate. Another complication is that the 0 measurement tends to be overestimated at high o,. Furthermore, chemical reactions might alter the existing relationship between o, and solute concentration in the inflowing water. This was evident in the clay soil used in this study and has previously also been shown by Risler et al. (1 996) in a clay loam. Thus, the measured o, can not be converted to solute concentration unless the relationship between o, and solute concentration is determined at every probe location, which is virtually impossible. When steady state conditions and indirect calibration is used this is not a problem since relative concentration can be calculated. These complications suggest that only the indirect calibration method should be used in clay soils.
Error Sources
Both the oa and 0 measurements are temperature dependent. The temperature dependency of oa measured in soil is similar to that of the soil solution (Heimovaafa et al. 1995; Persson and Berndtsson 1998b) and it can be accounted for by using Eq. (2). The temperature dependency of 9 is, however, difficult to take into,,account. Depending on soil texture and soil salinity, the 0 measurement can either increase or decrease with temperature (Pepin et al. 1995; Halbertsma et al. 1995; Persson and Berndtsson 1998b) . It should be noted, however, that the errors associated with temperature changes are small relative to other measurement errors. In field measurements of 0, differences in soil properties between probe locations probably cause larger errors in sandy soils (up to 0.02 m3 m-3; Topp et al. 1980) and significantly larger errors in fine textured soils (Hook and Livingston 1996) . Using their universal calibration curve, Topp et al. (1980) made TDR measurements in a wide range of soils with an error of estimate of 0.013 m3 m-3. They found that the scatter within the data increased when a salt solution replaced the water. In Persson and Berndtsson (1998b) , the precision and accuracy of the 0 measured in several different soils are presented. The highest precision and accuracy are found in soils with low organic matter and clay content combined with low electrical conductivity. This is in agreement with the findings of Topp et al. (1980) .
Conclusions
TDR is an accurate instrument for water content and electrical conductivity measurements. The highest degree of precision and accuracy of the 0 measurement is found in soils with low organic matter and clay content combined with low electrical conductivity.
In this paper, three methods of achieving calibration parameters for solute transport measurements using TDR were tested. The method which involves eluting the soil with several pore volumes of water of known ow under transient flow conditions works well in sandy soils both in the laboratory and the field. Using this method, the parameters of the 0,-0,-0 relationship can be determined in situ for each probe location. This is important since this study indicates that the calibration parameters are depending on which calibration method that is used.
For clay soils the author would suggest that only the indirect calibration approach is used. This conclusion is based on i) the complicated ow-0,-0 relationship for clayey soils (Nadler 1982) , ii) 9 measurements can be difficult or even impossible to make in saline clayey soils due to signal attenuation, iii) since the ow of the solute free water and the pulse will change due to chemical processes such as cation exchange, the TDR measured ow cannot be converted to tracer concentration.
